Low density Ca-Mg-Al-based bulk metallic glasses containing additionally Cu and Zn, were produced by a copper mold casting method as wedge-shaped samples with thicknesses varying from 0.5 mm to 10 mm. The compositions of the alloys were selected using recently developed specific criteria for glass formation. A structural assessment using the efficient cluster packing model was applied and showed a good ability to represent these glasses. Thermal properties of the new metallic glasses, such as the glass transition, crystallization and melting temperatures, as well as heats of crystallization and melting are reported. The effect of the alloy composition on glass forming ability is discussed.
Introduction
Ca-Mg-based bulk metallic glasses are a relatively new class of amorphous alloys, which attract interest of several research groups for their unique properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In particular, these metallic glasses have the lowest density ($2000 kgÁm À3 ) among all known amorphous metallic alloys. They also have low Young's modulus ($20{35 GPa) 11) comparable to the modulus of human bones, low glass transition temperature (T g $ 100{150 C) and a wide temperature range of super-cooled liquid (ÁT x ¼ T x À T g $ 30{70 C, where T x is the crystallization temperature). It is also noteworthy that these glassy alloys are based on two simple metals, Ca and Mg, which distinguishes them from all other transitionmetal based bulk metallic glasses. 12) Most of these Ca-Mgbased glasses were produced using topological and thermodynamic criteria for glass formation, which have recently been developed. 5, [13] [14] [15] [16] [17] [18] [19] By applying these new criteria to Cabased alloy systems, favorable glass formation was predicted in the alloys described by formula: 
and Ln represents a metal from the lanthanide group. A strong topological basis exists for the compositions represented in Equation (1), [13] [14] [15] [16] [17] [18] which are also well described by a recently developed structural model for metallic glasses. 19, 20) The main drawback of the Ca-based crystalline metallic alloys is their poor oxidation and corrosion resistance. Many Ca-based crystalline alloys are very reactive, even in pure water, and oxidize in air in a matter of days. The amorphous state considerably improves the oxidation and corrosion resistance of these alloys, although these properties also depend on the alloy constitution. [21] [22] [23] For example, recent studies of four Ca-Mg-Zn, Ca-Mg-Cu, Ca-Mg-Zn-Cu and Ca-Mg-Al-Zn-Cu metallic glasses have shown that the ternary Ca-Mg-Zn glass has the least oxidation and corrosion resistance. Substitution of Zn with Cu and/or Al improves these properties, and the alloy containing Al has the best corrosion resistance. 23) Several Ca-Al-based bulk metallic glasses have recently been reported; 7) however, these glasses do not have very good glass forming ability, and the maximum diameter of fully amorphous rods made of these alloys by a water cooled copper mold casting method generally does not exceed 2 mm. Only two of the reported amorphous alloys, Ca 56:5 Mg 10 -Al 28:5 Cu 5 and Ca 56:5 Mg 10 Al 28:5 Cu 5 , had a maximum diameter of 3 mm. 7) In the present work we report on several new Ca-Mg-Albased amorphous alloys with improved glass forming ability. The compositions of these alloys were selected using Equation (1) and recently developed criteria for glass formation. Thermal properties of the new metallic glasses, such as the glass transition, crystallization and melting temperatures, as well as heats of crystallization and melting are reported. The effect of the alloy constitution on glass forming ability and glass stability is discussed.
Experimental Procedures
Several Ca-Mg-Al-based alloys, nominal compositions are shown in Table 1 , were prepared by induction melting of mixtures of pure elements (99.99% for Al and Cu, 99.9% for Mg and Zn, and 99.5% for Ca) in a water-cooled copper crucible in an argon atmosphere. Each of the produced alloys was then induction re-melted in a quartz crucible with a 17.0 mm inner diameter and an $2 mm diameter hole in the bottom of the crucible and cast through this hole into a watercooled copper mold to produce wedge-like samples of two different dimensions. One type of sample had 6.4 mm width, 35 mm height, and thickness varying from 0.5 mm at the base of the wedge to 3.5 mm at the top of the wedge. Another type of sample had 11 mm width, 50 mm height, and thickness varying from 2 mm at the base of the wedge to 10 mm at the top of the wedge. The time to fill the mold cavity was about 0.5 seconds for smaller samples and $1:0{1:5 seconds for larger samples. The amorphous or crystalline structure of the cast alloys was identified by X-ray diffraction of powdered samples using a Rigaku Rotaflex diffractometer, Cu K radiation, and a differential scanning calorimeter (DSC) Q1000, by TA Instruments, Inc. The glass transition, T g , and crystallization, T x , temperatures, the temperatures of start, T m , and completion, T l , of melting, and heats of crystallization, ÁH x , and melting, ÁH m , of the cast alloys were determined using DSC scans at a heating rate of 40 K/min. The maximum thickness, max , at which an alloy remained fully amorphous after the water-cooled copper mold casting, was determined using X-ray diffraction and DSC patterns of several samples extracted from different-thickness regions of the wedge specimens as a thickness above which ÁH x starts to decrease from its maximum value and sharp peaks from crystalline phases appear on the X-ray diffraction patterns. This method is described elsewhere.
8) The weight of samples used for DSC was in the range of 6 to 15 mg.
Experimental Results

Ternary Ca-Mg-Al Alloys
The ternary alloys were produced with the concentrations of Ca varying from 50 to 75 at% and the concentration of Al varying from 4 to 35 at% ( Table 1 ). The density of these alloys increases from 1620 kgÁm À3 to 1790 kgÁm À3 with a decrease in the concentration of Ca and an increase in the concentration of Al. Seven of the nine produced ternary CaMg-Al alloys have marginal glass forming ability, and the maximum amorphous thickness, max , of these alloys after casting in a wedge cavity does not exceed 0.5 mm (see Table 1 C and 386 C and at least two endothermic reactions due to alloy melting, with the reaction peaks at 495 C and 540 C (see Fig. 2 ). A shallow endothermic reaction is also recognized in the temperature range between 225 C and 282 C (ÁT x ¼ 57 C), which is due to transition of the glass into a super-cooled liquid state. Ã The alloy is more than 80% amorphous at the thickness of up to 10 mm. The alloy is more than 80% amorphous at the thickness of up to 8 mm.
The second group consists of three alloys, Ca 62 Mg 9 Al 29 , Ca 60 Mg 15 Al 25 , and Ca 65 Mg 15 Al 20 . For these alloys, only one sharp crystallization peak is observed, which shifts to a lower temperature range and becomes sharper and more intense with a decrease in the amount of Al. The super-cooled liquid range for these alloys is rather narrow (ÁT x ¼ 36 C, 26 C, and 20 C, respectively), and the melting temperature gradually decreases to a eutectic point at $415 C (see Fig. 2 and Table 1 ). During melting these alloys experience at least two phase transformations, which result in two sharp endothermic peaks.
In the third group, which consists of Ca C and the enthalpy of the first melting peak is very low, about 8.3 J/g. The second melting peak is much more intense, ÁH m % 125 J/g, and it starts at near the same temperature of $415 C. It is likely that the weak peak at 360 C is due to melting of a metastable eutectic and the sharp peak at $415 C is due to melting of an equilibrium eutectic, which is then followed by a gradual melting of a primary phase as the temperature increases from $420 C to 510 C. At a constant Mg content, T g , T x , T m have a tendency to decrease with a decrease in the amount of Al and an increase in the amount of Ca in the concentration range of Ca from 50% to 75% for the ternary Ca-Mg-Al alloys (see Table 1 decreases from $280 C to 150 C in this composition range. There is, however, no correlation between the maximum amorphous thickness, max , and ÁT x , which is used as a measure of glass stability, or other empirical glass forming ability parameters such as T g =T l or T x =ðT g þ T l Þ. However, it can be noted from Table 1 that there is a tendency for max to increase with a decrease in the melting range ÁT m ¼ T l À T m .
Quaternary Ca-Mg-Al-Zn and Ca-Mg-Al-Cu Alloys
Two types of quaternary alloys were produced, Ca-Mg-AlZn and Ca-Mg-Al-Cu (see Table 1 ). Typical X-ray diffraction patterns of one of these alloys, Ca 60 Mg 15 Al 10 Zn 15 , versus the alloy thickness are shown in Fig. 1(b) . These patterns illustrate transition of the alloy from a fully amorphous to a partially crystalline state with an increase in the alloy thickness from 4 mm to 10 mm. The Zn containing glassy alloys contain 48 to 60 at% Ca, 13 to 20 at% Mg, 10 to 20 at% Al, and 6 to 20 at% Zn and their typical DSC curves are shown in Fig. 3 . The Cu-containing alloys have 50 or 60 at% Ca, 9 to 22.5 at% Mg, 5 to 11 at% Al, and 10 to 22.5 at% Cu and their DSC curves are given in Fig. 4 . The density of these alloys varies from 1840 to 2270 kgÁm À3 . The density increases with an increase in the amounts of Cu or Zn, and, to a smaller extent, Al and Mg. Ternary Ca-MgZn and Ca-Mg-Cu bulk amorphous alloys recently reported elsewhere, 8, 24) which have a very good glass forming ability ( max ¼ 10 mm), were used as a baseline to design these quaternary metallic glasses by partial substitution of the alloying elements (mainly Zn or Cu) with Al. The Al addition to these ternary alloys reduces the maximum amorphous thickness; however, it increases glass stability by increasing both T g and T x . For the Ca-Mg-Zn and Ca-Mg-Cu alloys, T g and T x values change from 80 to 130 C and from 112 C to 170 C, respectively, depending on the alloy composition. 8, 24) The Cu containing alloys have a critical amorphous thickness within the range of 1 to 3.5 mm, while the Zn containing alloys have max from 1 to 6 mm. The volume fraction of the amorphous phase generally rapidly decreases to zero with an increase in thickness above max . 8, 24) However, in two alloys, Ca 60 Mg 15 Al 10 Zn 15 and Ca 60 Mg 20 -Al 10 Zn 10 , the volume fraction of the amorphous phase, as estimated from the intensities of the X-ray diffraction peaks and the DSC exothermic peaks, remains above 80% in the specimens with thicknesses of up to 10 mm and 8 mm, respectively. In Ca-Mg-Al-Zn alloys, T g varies from 130 C to 175 C, T x varies from 176 C to 218 C and both T g and T x have a tendency to increase with an increase in the Al content. The Ca-Mg-Al-Cu alloys have smaller values of T g (124 C to 143 C) and T x (157 C to 183 C) and, therefore, lower glass stability than the Ca-Mg-Al-Zn alloys. The temperature range of a super-cooled liquid for these quaternary alloys is rather large. C and 49 C. Crystallization of these quaternary amorphous alloys is accompanied by a single or multiple exothermic reactions, depending on the alloy composition (see Figs. 3 and 4) . Melting of these alloys occurs in a rather wide temperature range and is generally accompanied by several endothermic peaks. For example, the Ca 60 Mg 20 Al 10 Zn 10 glass, which has the best glass forming ability ( max ¼ 6 mm), has Table 1 . The DSC patterns were obtained during continuous heating at a heating rate of 40 C/min and endothermic reactions are directed up. Table 1 . The DSC patterns were obtained during continuous heating at a heating rate of 40 C/min and endothermic reactions are directed up.
Development of Low Density Ca-Mg-Al-Based Bulk Metallic Glasses
Cu, 24) that the best glass forming alloys have a near-eutectic composition and slow crystallization kinetics. The fact that the majority of the developed Ca-Mg-Al-Zn and Ca-Mg-AlCu glassy alloys have a very wide melting range indicate that their compositions are far from the eutectic composition, and even better glass forming ability and larger maximum amorphous thicknesses are expected in optimized alloy compositions with a considerably reduced melting range.
Quintenary Ca-Mg-Al-Zn-Cu Alloys
The composition of quintenary metallic glasses produced in this work is given in Table 1 and their typical DSC patterns are shown in Fig. 5 . A very good glass forming alloy, Ca 55 Mg 18 Zn 11 Cu 16 , which has been reported to have a maximum amorphous thickness max > 10 mm, 10) was used as a starting point; and from 5 to 15% Al, as well as up to 5% Ca, were added to this alloy to partially replace Cu and Zn and reduce the density. Without Al, this alloy has T g and T x of 100 C and 166 C, respectively, and the density of 2320 kgÁm À3 . Table 1 ). X-ray diffraction patterns of this alloy at different thicknesses are shown in Fig. 1(c) . Only a diffuse amorphous halo is present at up to 5 mm; however, a number of peaks from crystalline phases are present on the X-ray diffraction pattern from a 7-mm thick region. Although it reduces the glass forming ability, addition of Al considerably improves the glass stability by increasing T g and T x (see Table 1 and Fig. 5 Fig. 5 ). Crystallization of the amorphous alloy without Al starts at $166 C and produces a sharp exothermic peak with a maximum at $171 C, which is followed by a smaller exothermic peak at $210 C. Melting of this alloy occurs in a rather narrow temperature range by a single endothermic reaction, indicating that the alloy may have a near eutectic composition. When 5% Cu is replaced with Al (Ca 55 Mg 18 -Al 5 Zn 11 Cu 11 alloy), both crystallization peaks become wider and their maxima occur at higher temperatures, 184
C and 235 C, respectively. Such behavior indicates that Al reduces the crystallization kinetics. Melting also occurs at higher temperatures and is accompanied by multiple endothermic reactions within about twice wider temperature range in the melting range.
The first crystallization reaction suppresses to a larger extent with further addition of Al up to 10 and 15 at% in place of Cu and Zn (Ca 55 Mg 18 Al 10 Zn 11 Cu 6 and Ca 55 Mg 18 Al 15 -Zn 6 Cu 6 glasses), while intensity of the second crystallization reaction almost does not change (see Fig. 5 ). In addition, a third crystallization reaction occurs in these two alloys just prior melting and the melting temperature increases with an increase in Al content. The first melting reaction in the alloys with 10 and 15% Al starts rather slow; the reaction rate gradually increases to a maximum value and then abruptly decreases to almost zero. After that, a weak and shallow melting reaction is observed in a wide temperature range, probably due to gradual melting of a primary phase.
Crystallization . This provides an opportunity to design even better glass forming alloys in this system by modifying the composition and reducing the temperature interval for melting (solidification).
Structural Description of the Ca-Mg-Al-based Glasses
Insights into the influence of compositional changes on likely structural changes are provided by the efficient cluster packing (ECP) model. 19, 20) In this view, a structural scaffold is comprised of interpenetrating solute-centered clusters formed with the largest solute, , and in which solvent atoms 20)
The putative number of Ca atoms that can efficiently pack around a Mg atom is $10, and around an Al atom is $9, so that Ca-Mg-Al ternary glasses have h10; 9i structures. The most solute-rich glass in this series likely has a small number of solutes occupying positions, since the total solute concentration (50%) exceeds the total number of solute sites in this structure (46%).
Ca-Mg-(Al,Zn) alloys are h10; 9i topological ternary glasses, since the radius ratios of Al and Zn relative to the radius of Ca are within about 2% of each other (0.726 and 0.701, respectively). The Mg contents range from 13-20% in the Ca-Mg-(Al,Zn) glasses studied here, and the sum of Al+Zn concentrations ranges from 20-39% (Table 1) . These glasses are thus topologically similar to the Ca-Mg-Al glasses just described. Ca-Mg-(Al,Zn)-Cu are h10; 9; 8i topological quaternary glasses, where Mg occupies positions, Al and Zn occupy positions and Cu occupies positions as preferred sites. In the two compositions where the Ca concentration is 55% (Table 1) , the , and sites are filled by solutes. A fraction of the or sites are not occupied by solutes in glasses where the Ca concentration is 60%.
At present, it is not possible to make clear comments regarding influence of site occupancy or site filling on glass stability, as a sufficient database relating these features in a chemically and topologically broad range of glasses has not yet been constructed. More importantly, chemical effects are expected to exert an important influence on glass stability, but chemical contributions to stability are still not understood. Thus, the structural descriptions given here provide general guidance in alloy selection through assessment of the spatial relationships between atoms, but it is not presently able to estimate structural stability.
Conclusions
Several low density bulk metallic glasses were produced in Ca-Mg-Al, Ca-Mg-Al-Zn, Ca-Mg-Al-Cu and Ca-Mg-Al-ZnCu alloy systems. The maximum fully amorphous thickness of max ¼ 9 mm was achieved in a Ca 55 Mg 18 Al 5 Zn 11 Cu 11 alloy. Two alloys, Ca 60 Mg 20 Al 10 Zn 10 and Ca 55 Mg 18 Al 5 -Zn 11 Cu 11 have max from 5 to 6 mm, eleven alloys have max from 2 to 4 mm, and 5 alloys have max of 1.0 to 1.5 mm. An addition of Al usually reduces the glass forming ability, but it improves the glass stability by increasing T g and T x . The glassy alloys developed in this work have a wide temperature interval for solidification, which indicates that their compositions are rather far from eutectic points. It is therefore expected that even better glass former can be found in these alloy systems by modifying the compositions in order to reduce the solidification temperature range.
The compositions of these alloys provide efficiently packed cluster structures. Application of the efficient cluster packing model suggests that these glasses are formed by efficiently-packed Mg-centered clusters where Al and Zn are preferred at cluster-octahedral sites, and Cu is native to cluster-tetrahedral sites. A significant amount of interchangeability between Al, Zn and Cu solutes seems to be supported in this family of glasses. Ca-Mg-Al and Ca-Mg-(Al,Zn) are represented as h10; 9i topological ternary glasses, while Ca-Mg-Al-Cu and Ca-Mg-(Al,Zn)-Cu are h10; 9; 8i topological quaternary glasses.
